Introduction {#sec1}
============

Carboxyphosphate is an elusive intermediate in the ATP-dependent carboxylase superfamily of enzymes, which is involved in critical pathways related to obesity, diabetes, and microbial infections.^[@ref1]−[@ref5]^ Recently, we found that carboxyphosphate exists in a unique "closed" or "pseudochair" conformation (Figure [1](#fig1){ref-type="fig"}) stabilized by more than 14 kcal/mol as the monoanion and 12 kcal/mol as the dianion over the corresponding lowest energy "open" conformation.^[@ref6]^ Key to understanding the novel pseudochair stability resides in the balance between the stabilizing intramolecular charge-assisted hydrogen bond (CAHB), which is a special case of the intramolecular hydrogen bond (IMHB),^[@ref7]^ and associated destabilizing interactions. In addition, it is important to delineate carboxyphosphate's CAHB strength to understand its stability in nonpolar environments compared to its reactivity in aqueous solution.

![M06-2X/aug-cc-pVTZ key distances (Å) and angles of pseudochair carboxyphosphate.](jp-2014-06796r_0008){#fig1}

The CAHB is suspected to be the key element of stabilization for the pseudochair conformation of carboxyphosphate, where the energy minimized pseudochair conformation reveals a hydrogen bond oxygen--oxygen distance of ca. 2.5 Å that is less than its van der Waals sum of 3.04 Å (*r*~O~^vdW^ = 1.52 Å)^[@ref8]^ and significant angle expansion across the bridging oxygen (ca. 127°) in both charged states. The geometric changes suggest that Pauli repulsion and ring strain could be contributing factors to the overall destabilization of the pseudochair conformation. Such destabilizing interactions need to be addressed to determine the CAHB strength accurately.

Unlike the intermolecular hydrogen bond that has a convenient reference state, where infinite separation defines its absolute strength, measurement of IMHB strength must be determined relative to a nonzero reference system that makes its value ambiguous. Determining the strength of an IMHB is a nontrivial task due to the reference state selection; thus, many methods have been proposed and explored with varying degrees of success.^[@ref9]−[@ref16]^ The challenge is to isolate an open structure (no IMHB), which may not necessarily be stationary,^[@ref9]^ without introducing new or removing essential geometric elements found in the closed conformation. To date, there is no one widely accepted method for identifying a reference structure or for estimating IMHB strength.

Despite its controversial nature, the most common IMHB estimation scheme involves the energy difference between the geometry optimized open and closed conformations,^[@ref17]^ otherwise known as the open--closed method. However, geometry optimization has the potential to remove essential energetic contributions in defining an accurate open reference state.^[@ref18]−[@ref23]^ Subsequently, there has been effort in determining the effects of partially constrained versus full optimization of the open reference system, where significant differences have been reported.^[@ref22],[@ref24]^ Nevertheless, it is possible to take an alternative approach, where the energetic terms crucial to the IMHB configuration are estimated and then reinserted into the open--closed energy. The process of correcting the open and closed energy difference to estimate CAHB strength is referred to here as the *additive scheme*.

Jablonski proposed a partial optimization scheme to improve the open reference structure and the predicted accuracy of the IMHB energy depending upon the molecular system of interest.^[@ref24]^ An open reference system is created by eliminating the hydrogen bond. Only the position of the hydrogen bond donor or the hydrogen bond acceptor is modified, while retaining the closed geometry optimized structure. Such an open reference system is not a stationary state and higher in energy. Partial geometry optimization on selected degrees of freedom lowers the energy for a possibly more accurate open reference state. Since the energy is lowered with increasing relaxation, we coin this technique as the *subtractive scheme*. Systematic and partial relaxation of the starting conformation with the disengaged hydrogen bond leads to a series of partially optimized open reference geometries and energies. Selected dihedral angles determined in the closed structure, except the one to break the hydrogen bond, are typically held to their original closed values to prevent the introduction of new repulsive or attractive forces in the partially optimized open form. In this manner, comparison of the closed form to a partially optimized open reference form is suggested to yield an improved IMHB estimation.^[@ref24]^ However, selection of the partially optimized open structure is as arbitrary as selecting a completely geometry optimized open structure. Careful selection of the open reference state improves the predicted IMHB estimate, but the subtractive technique does not isolate, quantitate, nor clearly define any of the possible repulsive energies counterbalancing the attractive IMHB.

Many estimation schemes beyond the open--closed method^[@ref17]^ have been developed and implemented for their ability to estimate the strength of the IMHB. Specifically, isodesmic reactions have been used in order to determine the strength of the IMHB.^[@ref25]^ More recent schemes include the investigation of rotation barriers, as well as the relationship between rotamers.^[@ref12],[@ref22]^ The relationship between ^1^H NMR shifts and hydrogen bond strength is well-known, and a direct correlation between the two has been discovered.^[@ref14],[@ref15]^ NBO analysis has been implemented to study the interactions of orbitals involved in the IMHB.^[@ref16],[@ref26]^ Topological analysis by QTAIM can be used to monitor changes in the electron density as the reference system is developed.^[@ref16],[@ref17],[@ref27],[@ref28]^

Given the physiological importance and controversial understanding of carboxyphosphate's structure, stability, and role in the ATP-dependent carboxylase superfamily of enzymes, it is both appropriate and timely to investigate the intramolecular forces responsible for the novel pseudochair conformation of carboxyphosphate. The CAHB is estimated through additive corrections for Pauli repulsions to the open--closed method using CHARMM force field nonbond parameters,^[@ref29],[@ref30]^ and compared to a subtractive variant of the open--closed method. An improved understanding of the CAHB strength in relation to the overall stability of the pseudochair conformation in a vacuum is a starting point in dissecting the origin of instability in the aqueous phase and possible existence and meaningful contribution to the mechanism of ATP-dependent carboxylases. The importance of Pauli repulsion is demonstrated for the accurate prediction of the CAHB strength in carboxyphosphate.

Computational Details {#sec2}
=====================

Resources at the Center for Computational Sciences at Duquesne University,^[@ref31]^ the Gaussian 09 program,^[@ref32]^ and the CHARMM force field^[@ref29],[@ref30]^ have been used for all calculations. All electronic structure computations utilized Truhlar's Minnesota M06-2X functional^[@ref33]^ with Dunning's augmented correlation consistent polarized valence triple-ζ basis set (aug-cc-pVTZ).^[@ref34]^ This level of theory has been shown to capture the majority of energetic convergence giving the most consistent agreement with reference MP2 and CCSD(T) calculations, as shown in Figure S1 ([Supporting Information](#notes-2){ref-type="notes"}). Frequency calculations were carried out to confirm all stationary points as minima on the potential energy surface. The atom types with epsilon and *r*~min~ values from the CHARMM force field^[@ref29],[@ref30]^ were used to compute the *r*^--12^ Pauli repulsion. All energy differences are reported as closed--open, Δ*E*~c--o~ = *E*~closed~ -- *E*~open~, which delivers negative values for stabilized closed structures.

Borrowing from Jablonski's notation in the subtractive scheme,^[@ref24]^ several partial optimizations were performed to locate an accurate open reference system. All model structures were modified from the geometry optimized pseudochair structure by changing a single degree of freedom to maintain the original geometric features of the structure without the hydrogen bond, as defined in Figure [2](#fig2){ref-type="fig"}.

![Possible conformational modification of pseudochair carboxyphosphate (center) to break the CAHB in the monoanion (top) and dianion (bottom).](jp-2014-06796r_0001){#fig2}

For hydrogen bond donors, an idealized 180° rotation of the dihedral angle across the hydrogen bond donor to break the hydrogen bond was carried out with all other coordinates held fixed. Alternatively for hydrogen bond acceptors, the carboxylic acid was rotated by 90° (dianion) or the phosphoryl group by 60° (monoanion). The manner of generating open structures with a single conformational change isolated to either the donor or the acceptor results in differences with the lowest energy geometry optimized open structures computed. However, the two schemes are independent approaches so it is not necessary for the open structures to be identical. The modified structures without geometry optimization are referred to as SP. Next, only the bond lengths of SP were geometry optimized in order to yield a structure with a lower energy, which is labeled and referred to as B. Finally, geometry optimization of both bond lengths and bond angles with all dihedral angles held constant is carried out, and denoted as AB. The fully geometry optimized structure starting from SP is referred to as OPT. However, the lowest energy geometry optimized energy is used as a common reference throughout the study.

Results and Discussion {#sec3}
======================

Open--Closed Method {#sec3.1}
-------------------

The open--closed method is one of the most widely used approaches for estimating CAHB strength, where the energy of the hydrogen-bonded (closed) form is compared to that of an open structure in which the CAHB is not present.^[@ref9],[@ref17],[@ref24],[@ref35]−[@ref39]^ As previously discussed, the open--closed method typically involves rotation about one or more bonds starting from the closed form in order to disengage the hydrogen bond to produce an open structure. There are many variations to the open--closed method; however, the most basic procedure involves geometry optimization of the closed and opened forms with subsequent energetic comparison. Structural relaxation of the open form can either add or remove important interactions indigenous to the closed CAHB structure, thereby distorting the accuracy of the CAHB estimate, which has been recognized and criticized before.^[@ref18]−[@ref23]^

In the open--closed method, the open configuration of carboxyphosphate is selected to be the geometry optimized, lowest energy conformation without the intramolecular hydrogen bond. The M06-2X/aug-cc-pVTZ geometry optimized structures are shown in Figure [3](#fig3){ref-type="fig"}. Stabilization of the pseudochair is defined to be the energy difference between the closed and open conformations in both the monoanionic and dianion states. CAHB strength is commonly estimated from the open--closed method and defined by the computed stabilization energies of −14.5 kcal/mol for the monoanion and −12.0 kcal/mol for the dianion.

![M06-2X/aug-cc-pVTZ open (bottom) and closed (top) monoanionic (left) and dianionic (right) conformations.](jp-2014-06796r_0002){#fig3}

The open structures defined in Figure [2](#fig2){ref-type="fig"} are slightly different than the geometry optimized open structures using M06-2X/aug-cc-pVTZ shown in Figure [3](#fig3){ref-type="fig"}. The differences are a consequence of how the two techniques generate the open structure to estimate independently the same CAHB strength. In this fashion, a more practical comparison is undertaken to represent approaches reported in the literature. Change in the lowest energy geometry optimized open structures affirms that essential geometric elements can differ from the closed conformation in the standard implementation of the open--closed method.

Additive Scheme {#sec3.2}
---------------

The geometry minimized pseudochair conformations, in comparison to the open structures, reveal that, in addition to the CAHB, Pauli repulsion interactions and ring strain are possible contributors to differences in energetics between the two forms, as shown in Figure [3](#fig3){ref-type="fig"}. To gauge the effect of each type of contribution to the overall stability of the pseudochair, a series of model systems were developed and applied.

### Ring Strain {#sec3.2.1}

In order to study the differential ring strain (Δ*E*~c--o~^rs^ = *E*~closed~^rs^ -- *E*~open~^rs^) between the closed and open forms of carboxyphosphate, dihydrogen phosphate was used as a model system for its ability to resemble the phosphate side and bridging oxygen of carboxyphosphate. Geometry optimized dihydrogen phosphate has an ∠HOP angle of 105.9° (M06-2X/aug-cc-pVTZ) and was used as the strain free reference, as shown in Figure [4](#fig4){ref-type="fig"}.

![Angle representing ring strain in the dihydrogen phosphate model of carboxyphosphate.](jp-2014-06796r_0003){#fig4}

To model the ring strain in the closed and open forms, the ∠HOP angle of 105.9° in dihydrogen phosphate was adjusted and fixed to that of the bridging oxygen in the different states and conformations of carboxyphosphate. The dihydrogen phosphate model systems were allowed to optimize constrained to the bridging oxygen angle. The relative energies (Δ*E*~c--o~^rs^) of the different constrained geometries are given in Table [1](#tbl1){ref-type="other"}.

###### Bridging Oxygen Angles and Contributions of Ring Strain (kcal/mol) in the Closed and Open States for Both the Monoanion and Dianion Using the H~2~PO~4~ Model

              open     closed   Δ*E*~c--o~^rs^
  ----------- -------- -------- ----------------
  monoanion   125.3°   127.7°   −0.8
  dianion     129.3°   127.3°   0.7

Even though ring strain from a ca. 20° expansion across the bridging oxygen is computed to be significant at ca. 4.0 kcal/mol, the angle and subsequent energy difference between the open and closed forms is found to be small. In fact, the computed energy difference is less than 1 kcal/mol. The angles between the open and closed structures are too small to generate appreciable ring strain differences, making model selection irrelevant. Consequently, ring strain is determined to play only a minor role in the accurate prediction of the CAHB from the open--closed method.

### Pauli Repulsion {#sec3.2.2}

Comparison of the geometry optimized open and closed conformations using M06-2X/aug-cc-pVTZ reveals a significant shortening of the distance between the oxygen atoms (*r*~OO~) and between the hydrogen bonded oxygen and hydrogen (*r*~HO~) involved in the CAHB, as highlighted in Figure [5](#fig5){ref-type="fig"}.

![Specific nonbond interactions (red) computed to determine the Pauli repulsion in carboxyphosphate. CHARMM atoms types are included.](jp-2014-06796r_0004){#fig5}

In the geometry optimized closed conformations of both charge states, the *r*~OO~ distance of ca. 2.5 Å is less than its van der Waals sum of 3.04 Å (*r*~O~^vdW^ = 1.52 Å).^[@ref8]^ In addition, the hydrogen bond *r*~HO~ distances are 1.49 and 1.61 Å for the monoanion and dianion, respectively, which are shorter than the idealized van der Waals sum of 2.61 Å (*r*~H~^vdW^ = 1.09 Å),^[@ref40]^ as given in Table [2](#tbl2){ref-type="other"}.

In the geometry optimized open conformations, the hydrogen bond is broken, and the distances between atoms change to relieve intramolecular nonbond interactions. The distances are computed to become greater than the van der Waals sum, as shown in Figure [5](#fig5){ref-type="fig"}. However, two *r*~OO~ distances in the open structures are close to the van der Waals sum, as given in Table [2](#tbl2){ref-type="other"}. Thus, two interactions for each conformation were computed to determine the difference in Pauli repulsion between the closed and open conformations, as defined in Figure [5](#fig5){ref-type="fig"}.

###### *r*~OO~ and *r*~HO~ Distances (Å) in the Open and Closed Forms of the Monoanion and the Dianion and the Difference Δ*r*~OO~

              open    closed                   
  ----------- ------- -------- ------- ------- -------
  monoanion   3.105   3.243    2.481   1.489   0.624
  dianion     3.087   3.299    2.556   1.610   0.531

The difference in the Pauli repulsion between the closed and open conformations of carboxyphosphate was estimated by using the sum of the repulsive *r*^--12^ part of the Lennard-Jones approximation, as given in eq [1](#eq1){ref-type="disp-formula"}.The atomic Lennard-Jones parameters ϵ and *r*^min^ are combined with the appropriate mixing rules for a pair of atoms *i* and *j*. In the current CHARMM force field, the parameters are ϵ~*ij*~ = (ϵ~*i*~ϵ~*j*~)^1/2^ (geometric mean) and *r*~*ij*~^min^ = (*r*~*i*~^min^ + *r*~*j*~^min^)/2 (arithmetic mean), as listed in Table [3](#tbl3){ref-type="other"}.

###### CHARMM Force Field Lennard-Jones Parameters (ϵ, *r*^min^)^[@ref29],[@ref30]^

  atom type   description          ϵ          *r*~min~/2
  ----------- -------------------- ---------- ------------
  OG311       hydroxyl oxygen      --0.1921   1.7650
  OG2P1       =O in phosphate      --0.1200   1.7000
  OG2D1       carbonyl oxygen      --0.1200   1.7000
  OG2D2       carboxylate oxygen   --0.1200   1.7000
  HGP1        polar hydrogen       --0.0460   0.2245

The CHARMM atom types defining the parameters used in eq [1](#eq1){ref-type="disp-formula"} for the computation of the Pauli repulsion (Δ*E*~c--o~^Pauli^ = *E*~closed~^Pauli^ -- *E*~open~^Pauli^) are shown in Figure [5](#fig5){ref-type="fig"} and Table [3](#tbl3){ref-type="other"}. The computed Pauli repulsion for the closed and open forms of the dianion are 6.48 and 0.78 kcal/mol, respectively. Therefore, the difference in the Pauli energies for the dianion is 5.70 kcal/mol. Likewise, the computed Pauli repulsions for the closed and open forms of the monoanion are 9.96 and 0.78 kcal/mol, respectively. Thus, the difference in the Pauli energies for the monoanion is 9.18 kcal/mol.

### Intramolecular Charge-Assisted Hydrogen Bond {#sec3.2.3}

Analyses of the differential ring strain and Pauli repulsions in the open and closed forms uncover contributions that impact the estimated CAHB strength of the open--closed method, as described in eq [2](#eq2){ref-type="disp-formula"}.

The results of eq [2](#eq2){ref-type="disp-formula"} are given in Table [4](#tbl4){ref-type="other"} in order to estimate the range of CAHB strength. According to the additive correction for the Pauli repulsion to the open--closed method, the CAHB strength is −22.9 kcal/mol for the monoanion, whereas the CAHB strength is −18.4 kcal/mol for the dianion. The additive corrective terms for Pauli repulsion significantly increase the predicted CAHB strength compared to that predicted by the standard implementation of the open--closed method.

###### Components of the CAHB Energy (kcal/mol) of Dianionic and Monanionic Carboxyphosphate

              Δ*E*~c--o~^rs^   Δ*E*~c--o~^Pauli^   Δ*E*~c*--*o~   Δ*E*~CAHB~
  ----------- ---------------- ------------------- -------------- ------------
  monoanion   −0.8             9.2                 --14.5         --22.9
  dianion     0.7              5.7                 --12.0         --18.4

Subtractive Scheme {#sec3.3}
------------------

It has been reported that geometry optimization of the open form may lead to an inappropriate reference system.^[@ref18]−[@ref23]^ Jablonski has shown that the calculated strength of an IMHB with the open--closed method is highly dependent on the degree of optimization.^[@ref24]^ As previously discussed, the idea is to create an open structure by modifying the closed geometry optimized structure with minimal structural changes to break the IMHB and improve the CAHB estimate. Typically, adjustment of a dihedral angle to reposition the hydrogen shared in the IMHB is made (Figure [2](#fig2){ref-type="fig"}). A single point energy evaluation (SP) is carried out, giving an upper bound to the IMHB estimation. At the other extreme, geometry relaxation starting from the SP structure gives a geometry optimized (OPT) structure. Ideally, two pathways to break the IMHB can be taken by modifying either the hydrogen bond donor or the hydrogen bond acceptor. Both result in a different reference and range of IMHB values.

Analogous to the partial optimizations of Jablonski, the SP, B, AB, and OPT computations were carried out. First, the CAHB was removed by an idealized 180° rotation of the hydrogen bond donor (∠HOCO for the monoanion and ∠HOPO for the dianion) starting from the closed geometry optimized structure. Our second method of breaking the CAHB also started with the closed geometry optimized structure but with a rotation of the hydrogen bond acceptor (60° for ∠OPOC for the monoanion and 90° for ∠HOPO for the dianion). However, only modification of the donor structure leads to an appropriate open state that removes the CAHB. Modification of the acceptor leads to a structure that connects closed states (Figures S2 and S3, [Supporting Information](#notes-2){ref-type="notes"}), which does not represent a desirable open reference state and is referred to as *inappropriate* in Table [5](#tbl5){ref-type="other"}. As such, analysis is carried out only on the CAHB estimation from the donor-modified structure. As reported in Table [5](#tbl5){ref-type="other"}, the SP calculations were found to give the highest estimations and the OPT geometry optimizations the lowest. Removal of the bond and angle constraints (B and AB) reduced the energies as compared to the SP value.

###### Computed Energies (kcal/mol) for the Subtractive Method

         monoanion donor   monoanion acceptor                       dianion donor   dianion acceptor
  ------ ----------------- ---------------------------------------- --------------- ----------------------------------------
  SP     --25.4            --18.2[a](#t5fn1){ref-type="table-fn"}   --20.9          --16.8[a](#t5fn1){ref-type="table-fn"}
  B      --21.2            --16.2[a](#t5fn1){ref-type="table-fn"}   --18.8          --14.8[a](#t5fn1){ref-type="table-fn"}
  AB     --17.8            --14.8[a](#t5fn1){ref-type="table-fn"}   --15.7          --13.5[a](#t5fn1){ref-type="table-fn"}
  --TS   --19.5            --9.0[a](#t5fn1){ref-type="table-fn"}    --12.1          --13.0[a](#t5fn1){ref-type="table-fn"}
  OPT    --14.5            0.0                                      --12.0          0.0

Inappropriate reference state that is not open.

According to the subtractive method, the CAHB strength is between −17.8 and −25.4 kcal/mol for the monoanion, whereas the CAHB strength is between −15.7 and −20.9 kcal/mol for the dianion. The estimated ranges from the subtractive scheme are in good agreement with the additive corrections to the open--closed method.

Transition Structures {#sec3.4}
---------------------

The transition structures for each process in breaking the CAHB were computed and verified using M06-2X/aug-cc-pVTZ, as shown in Table [5](#tbl5){ref-type="other"} as TS. The computed transition structure is at the highest point on the potential energy surface along the reaction coordinate^[@ref41]^ to break the CAHB separating the closed and open conformations. As such, the activation energy defined from the pseudochair structure represents the energy to break the CAHB. The computed activation energy for breaking the monoanion CAHB through the donor is 19.5 kcal/mol, while it was 9.0 kcal/mol for a different process through the acceptor, where the computed transition structure is a CAHB switch between the two equivalent phosphate oxygens. As a result, the 9.0 activation energy is inappropriate for CAHB strength assessment, as with the subtractive scheme of Table [5](#tbl5){ref-type="other"}, since the transition structure does not connect the pseudochair and open conformations (Figure S2, [Supporting Information](#notes-2){ref-type="notes"}). Therefore, the predicted CAHB strength for the monoanion is 19.5 kcal/mol. The computed activation energy for breaking the dianion CAHB through the acceptor is 13.0 kcal/mol, and 12.1 kcal/mol through the donor (Figure S3, [Supporting Information](#notes-2){ref-type="notes"}). Analogously, the transition structure interconnecting the pseudochair and open structures is through the donor change in geometry. Thus, the predicted CAHB strength for the dianion is 12.1 kcal/mol.

CAHB Model Comparison {#sec3.5}
---------------------

The geometries of the computed transition structures, the AB minimized structures suggested by Jablonski, and the geometry optimized closed structures (Figure [3](#fig3){ref-type="fig"}) were compared, as shown in Figure [6](#fig6){ref-type="fig"}.^[@ref24]^ It is of interest to analyze the key geometric features of the closed structure and the change observed in the CAHB models.

![Dianionic transition structure computed using M06-2X/aug-cc-pVTZ for the breaking of the CAHB donor (TSDd) and the partially minimized dianion donor (ABDd) reference structure. Monoanionic transition structure for the breaking of the CAHB donor (TSDm) and the partially minimized monoanion donor (ABDm) reference structure.](jp-2014-06796r_0005){#fig6}

The M06-2X/aug-cc-pVTZ geometry optimized closed structures (monoanion and dianion) have the hydrogen bond proton positioned directly in between the donor and the acceptor (Figure [3](#fig3){ref-type="fig"}). The structural consequence is that there is reduced lone-pair congestion between the donor and acceptor oxygens. In addition, the closed structures involve two nonbond interactions that could lead to strong Pauli repulsion, involving the hydrogen bond donor and acceptor oxygens, and the hydrogen bond hydrogen and noncovalent oxygen. The dianion models (TSDd and ABDd) maintain the eclipsing hydrogen bond donor and acceptor, as found in the closed structure. However, the main geometric difference in the dianion models is in the position of the hydrogen. TSDd directs the lone pairs away from the acid group (∠HOPO = 63°), whereas ABDd directs the lone pairs toward the acid (∠HOPO = 151°). Thus, the dianion ABDd model should overestimate the repulsion in the estimation of the CAHB. The additional repulsion is seen by the lengthening of the hydrogen bond donor and acceptor oxygens from 2.48 Å in the closed dianion to 3.07 Å (TSDd) and 2.87 Å (ABDd). The monoanion models (TSDm and ABDm) result in different orientations between the hydrogen bond donor and acceptor. TSDm rotates the phosphate group by ca. 60° from the closed structure, lengthening the donor and acceptor oxygen difference from 2.48 Å in the closed to 2.85 Å and generating a second weak interaction at 3.31 Å. The hydrogen rotates to ∠HOCO = 114° reorienting its lone pairs away from the phosphate group. However, ABDm maintains the eclipsing hydrogen bond donor and acceptor interaction, since it is constrained to that of the closed structure. The hydrogen bond oxygen to oxygen distance lengthens to 2.77 Å, and the hydrogen adopts a position of ∠HOCO = 180° that increases the congestion of lone pairs between the donor and the acceptor. The net result should overestimate the repulsion in the estimation of the CAHB, as in the dianion model. However, the overestimation is somewhat mitigated when the energy difference is determined in reference to the OPT structures with open geometries.

In a final comparison of the activation energies with the subtractive and additive corrections to the open--closed method (Table [6](#tbl6){ref-type="other"}), an agreement to the estimated CAHB strength is observed, which is greater than the stabilization energy of pseudochair carboxyphosphate from the standard implementation of the open--closed method.

###### Comparison of the Three Highlighted Methods of CAHB Estimated in This Study (kcal/mol)

              additive   subtractive       --TS     open--closed
  ----------- ---------- ----------------- -------- --------------
  monoanion   --22.9     --17.8 to −25.4   --19.5   --14.5
  dianion     --18.4     --15.7 to −20.9   --12.1   --12.0

As expected, the predicted CAHB values from the computed transition structures are on the lower end of the additive and subtractive schemes for the monoanion, and below the lower bounds for each open--closed method describing the dianion. The dihedral angle constraints, or release of other degrees of freedom, in the partial optimization procedure of the subtractive method are a likely source of error causing an overestimation, as highlighted in the discussion above. The additive corrections to the open--closed method are possibly in error due to the parametrization of nonbond terms, where the parameters were developed for phosphate esters for intermolecular interactions. Despite overestimating the CAHB strength compared to those predicted by the transition structures, the importance of Pauli replusion interactions is highlighted for the first time by the additive corrections to the open--closed method.

On the basis of the above estimation schemes, the CAHB can be classified as strong (greater than 12 kcal/mol).^[@ref42]−[@ref44]^ The class of hydrogen bonds known as short-strong hydrogen bonds (SSHBs) is often associated with those that are also low barrier (LBHBs).^[@ref43],[@ref45]−[@ref48]^ Although hydrogen bonds may be both short-strong and low barrier, these classifications are made on the basis of separate criteria.^[@ref48],[@ref49]^ Classification as SSHB is based on the distance between the heteroatoms (less than 2.5 Å for an OHO hydrogen bond). However, classification as an LBHB is based on the equivalence of the p*K*~a~'s of the two donor atoms, resulting in a low barrier to proton transfer between the two.

The estimated CAHB strengths from each of the three independent estimation schemes result in a bond strength greater than 12 kcal/mol used to classify a short-strong hydrogen bond.^[@ref42]−[@ref44]^ The heteroatom distance is 2.48 Å in the monoanion and 2.56 Å in the dianion. Thus, considering the sources of error, carboxyphosphate meets the geometric and energetic criteria for short-strong hydrogen bonding. The p*K*~a~ values of the donor and acceptor are expected to be different. Thus, there is no double-well potential found, and the bond cannot be considered low barrier. In summary, the bond is considered to be short-strong but not low barrier in both charge states of pseudochair carboxyphosphate.

Conclusion {#sec4}
==========

The CAHB strength of the pseudochair conformation of monoanionic and dianionic carboxyphosphate in a vacuum has been estimated by independent additive and subtractive corrections to the open--closed method. Our additive correction scheme shows differential Pauli repulsion contributions between the pseudochair (closed) and open conformations of carboxyphosphate that are significant in estimating the CAHB strength. Our CAHB estimate is −22.9 kcal/mol for the monoanion and −18.4 kcal/mol for the dianion. Results from the subtractive technique reinforce those from our additive procedure, where the predicted CAHB strength ranges from −17.8 to −25.4 kcal/mol for the monoanion and from −15.7 to −20.9 kcal/mol for the dianion. Ultimately, we find the CAHB in carboxyphosphate meets the criteria for short-strong hydrogen bonds. However, carboxyphosphate has a unique energy profile that does not result in the symmetric double-well behavior of low-barrier hydrogen bonds. The CAHB in carboxyphosphate is short-strong but cannot be considered to be low barrier, as the proton is not shared equally between the donor and acceptor groups. The strong hydrogen bond coupled with the fact that the hydrogen prefers to be on the phosphate group provides a previously unrecognized mechanism by which protons can be shuttled from the carboxylic acid side of carboxyphosphate to the phosphate. Such a proton shuttling mechanism has previously unconsidered implications for the catalytic mechanism of the carboxylase enzymes. The present analysis delivers a fundamental report on the strength of the CAHB in the ionized forms of carboxyphosphate, which has the potential to realign and improve the mechanistic understanding of this intermediate in ATP-dependent carboxylases.

All computed structures, Figures S1--S3, discussion of MP2, CCSD(T) and M06-2X comparison, and extended energy profile including the hydrogen bond acceptor geometry change. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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